Changes in gene regulation are believed to play an important role in the evolution of animals. It has been suggested that changes in cis-regulatory regions are responsible for many or most of the anatomical and behavioral differences between humans and apes. However, the study of the evolution of cis-regulatory regions is made problematic by the degeneracy of transcription factor (TF) binding sites and the shuffling of their positions. In this work, we use the predicted total affinity of a promoter for a large collection of TFs as the basis for studying the evolution of cis-regulatory regions in mammals. We introduce the human specificity of a promoter, measuring the divergence between the affinity profile of a human promoter and its orthologous promoters in other mammals. The promoters of genes involved in functional categories such as neural processes and signal transduction, among others, have higher human specificity compared with the rest of the genome. Clustering of the human-specific affinities (HSAs) of neural genes reveals patterns of promoter evolution associated with functional categories such as synaptic transmission and brain development and to diseases such as bipolar disorder and autism.
Introduction
One of the most fascinating problems of the postgenomic era is to understand the genetic basis of the anatomical, behavioral and cognitive traits that set humans apart from all other animals. Although human-specific gene products likely to play major roles in these traits have been identified (see, e.g., Enard et al. 2002; Pollard et al. 2006) , many in the scientific community believe that such changes explain a relatively small part of the key differences between us and our closest relatives.
According to this view, the crucial genetic differences are instead regulatory in nature: The gene products are mostly the same and their human-specific patterns of spatiotemporal regulation produce most of the uniquely human phenotypes. This hypothesis was first put forward by King and Wilson (1975) based on the estimated 99% identity between human proteins and their chimpanzee counterparts.
More generally, there is ample evidence of a prominent role of regulatory changes in the morphological evolution of metazoans, as reviewed, for example, by Carroll (2005) and Wray (2007) . From the theoretical point of view, the widespread pleiotropy of gene products is easier to reconcile with regulatory changes driving evolution than with changes in the products themselves.
The recent availability of the complete genomic sequences of many mammals prompted us to attempt a systematic investigation of human-specific cis-regulatory changes, focusing on transcriptional regulation. The main difficulty lies in the nature of cis-regulatory sequences and specifically in identifying those changes that are likely to be of functional significance.
Transcriptional regulation in eukaryotes is mostly effected through the binding of transcription factors (TFs) to short DNA sequences (binding sites) often located upstream of the regulated gene. A large amount of research has been devoted to the identification of these binding sites. The main problems to overcome are: 1) the highly degenerate nature of the binding sites and 2) the thermodynamic nature of the binding of TFs (Segal et al. 2008) , which makes weak transient binding to low-affinity sites important and the distinction between binding and nonbinding sites artificial.
These facts made us adopt an approach, originally developed in Foat et al. (2006) in which no attempt is made to distinguish between binding and nonbinding sites: The affinity of a regulatory sequence for a TF is instead evaluated on the whole sequence, so as to keep correctly into account the contribution of low-affinity sites. From the evolutionary point of view, the advantage of this approach is that it naturally accommodates the possibility of shuffling: During evolution, a promoter can maintain its affinity for a TF while changing the position of the functional binding sites. This phenomenon was shown by Odom et al. (2007) to be widespread in mammals and makes alignment-based methods unsatisfactory.
In our approach, a regulatory sequence is represented as the profile of its affinities for a large sets of TFs, represented in the JASPAR database (Bryne et al. 2008 ) as positional weight matrices (PWM). The affinity profiles provide a description of cis-regulatory sequences that is closely tied to their function: The evolution of these sequences can be then studied by comparing affinity profiles of orthologous MBE genes in related species. Here, we applied this strategy to identify human promoters whose affinity for TFs has significantly diverged compared with other mammals.
We found that the affinity of a regulatory sequence is indeed predictive of TF binding events as revealed by ChIP/chip and ChIP/seq experiments and of TF/target coexpression. The divergence in affinities between species significantly correlates with the divergence of tissue-specific expression patterns. Also the human-specific portion of the affinity, that is, the part that is not conserved in other mammals, is predictive of binding and coexpression and thus biologically relevant. The promoters whose affinity profiles most diverged in humans are associated to specific functional categories, related in particular to neural processes, defense response, and signal transduction. Examining the HSA profiles of the promoter of neural genes in more detail, we identified evolutionary patterns associated with genes involved in functional categories, such as synaptic transmission and brain development, and in diseases such as bipolar disorder and autism. Finally, we compared the human specificity of affinity profiles with the pattern of insertions of transposable elements: The significant correlation we found suggests an important role played by such repetitive elements in shaping the human transcriptional regulatory network.
Methods

Choice of Species
We considered all the placental mammals reported in the University of California-Santa Cruz (UCSC) Genome Browser with available precomputed genomic alignments with the human genome (data downloaded in November 2009). These species are: Bos taurus (cow), Canis familiaris (dog), Callithrix jacchus (marmoset), Cavia porcellus (guinea pig), Equus caballus (horse), Felis catus (cat), Homo sapiens (human), Macaca mulatta (rhesus), Mus musculus (mouse), Pongo pygmaeus (orangutan), Pan troglodytes (chimp), and Rattus norvegicus (rat).
Choice of Promoter Sequences
We used as reference transcription start sites (TSSs) those identified in the human RefSeq track of the UCSC genome browser (version hg18, November 2009). For each human TSS, we considered the region spanning 1,500 bp upstream and 500 bp downstream. In the following, we will refer to these 2,000 bp regions as "promoters." Even if many distal cis-regulatory elements are known to be functional (Heintzman and Ren 2009), we focused our attention only on these 2,000 bp long proximal promoters in order to reliably associate promoters to transcripts. Considering only such small regions, we thus accepted a reduction in the sensitivity of our approach in order to improve its specificity. To determine the robustness of our results with respect to the choice of regulatory regions, we repeated the analysis for smaller and larger sequences (respectively 500 bp upstream and 0 bp downstream and 5,000 bp upstream and 500 bp downstream).
Definition of Orthologous Promoters
For each human promoter, we needed to identify the orthologous promoter in the other 11 mammals. Because the quality of transcript annotation varies greatly among these genomes, the identification of orthologous regions must be based on genomic alignments. We implemented a procedure that is essentially identical to the "liftover" method used by UCSC to create a map between genome releases or between genomes, but we used the "net" alignments instead of the "chain" ones used by liftover. Indeed, according to the UCSC documentation, the net alignments are the most suitable for the task of identifying orthologous regions in different genomes.
Specifically, we proceeded as follows: For each human TSS and nonhuman mammal, we determined whether the human TSS was included in the genomic alignment given by the net track of the UCSC genome browser. If the TSS was not included in the alignment, we did not define an orthologous promoter for this particular mammal. Otherwise, we defined the orthologous promoter as the 1,500 bp upstream and 500 bp downstream of the position in the nonhuman genome to which the human TSS maps. The net alignments are such that each human region maps to at most one region of the nonhuman genome, so that our procedure gives at most one orthologous promoter for each human promoter. A posteriori, it turned out that the results are not greatly influenced by the choice of the net over the chain alignments: For example, in the human-mouse mapping, 94.7% of the human TSSs are mapped to a point in the genome mouse that is within 100 bps from the point found using standard liftover with chain alignments.
The alignment is used exclusively to locate the position on the nonhuman genome to which the orthologous promoter is anchored. In particular, we do not require the promoters themselves to be aligned: In this way, we can correctly take into account the phenomenon of binding site shuffling.
Total Binding Affinity
Following Foat et al. (2006) , we compute the total binding affinity (TBA) of each promoter for the 130 TFs described by the JASPAR Core Vertebrate PWMs (downloaded November 2009).
The TBA a rw of a PWM w for a promoter r is given by
where l is the length of the PWM w, L is the length of the promoter r , r i is the nucleotide at the position i of the promoter r on the plus strand, r i is the nucleotide in the same position but on the other strand, P (w j , r i ) is the probability to observe the given nucleotide r i at the position j of the PWM w, P (b , r i ) is the background probability to observe the same nucleotide r i , computed as the MBE nucleotide frequency in the whole intergenic part of the human genome. The affinity for a stretch of l nucleotides is
, for each of such stretch in r we consider both strands and only the strand with the best affinity contribute to the total one.
When constructing quantities combining different PWMs, we performed a rank transformation in which the TBA is replaced by its normalized rank among all promoters:
where N is the number of promoters, the summation runs over all promoters s, and H (x) is equal to 1 if x > 0, 0 otherwise. This transformation helps preventing biases introduced by the different information content of the PWMs.
Expression Profile Divergence
We identified 27 matched tissues in the human and murine expression data sets of Su et al. (2004) , available from the Gene Expression Omnibus (GEO) database under accession GSE1133. The tissues and the corresponding GEO sample IDs are listed in supplementary table 1, Supplementary Material online. The microarray probesets were associated to Entrez gene IDs using version na30 of the annotation file provided by the manufacturer for the HG-U133A human microarray and using the annotation file deposited in GEO under accession GPL1073 for the mouse microarray.
Only probesets annotated to a single gene ID were considered. The expression data obtained from GEO were logtransformed and averaged over replicated samples. The murine orthologs of human genes were identified using the orthology mapping for transcripts described above and collapsing all transcripts associated to the same gene ID. Only genes for which this procedure gave unambiguous orthology relationships were retained.
Human-Specific Affinity
For each human promoter r and PWM w, we compute the TBA a h rw as well as the TBA a s rw for the orthologous promoter in the species s. If S (r) is the set of species for which we can define an orthologous promoter, the HSA z rw is defined as follows:
where |S (r)| is the number of species with an orthologous promoter and Promoter Human Specificity Score and Promoter Gain in Affinity
In order to quantify the overall specificity of a promoter, we define a promoter human specificity (PHS) score z
Withz rw , we denote the rank of z rw with respect to all promoters, defined, similar to the case of the rank-transformed TBA, byz
The promoter gain in affinity is essentially the same quantity limited to affinity gains in the human lineage and is thus defined as the PHS but without the absolute values in the rank transformation.
TF Binding Data
From the encode tracks, we selected only those TF for which genome-wide binding data were available. Whenever binding data were available from multiple cell lines, we merged the results. The AP1 binding sites result from the merging of FOS, JUN, and JUND ChIP experiments. A promoter is considered bound if it overlaps one of the bound regions from the ChIP experiments. The mapping between TFs analyzed in ChIP experiments and PWMs was curated manually and is given in table 1.
Coexpression Data
Human and mouse coexpression networks were derived from the large-scale normal tissue microarray experiment of Roth et al. (2006) and Su et al. (2004) as described in Ala et al. (2008) . Briefly, a directed probeset coexpression network is first built by joining probeset p 1 to probeset p 2 if p 1 is in the top 1% of the probesets ranked by Pearson correlation with p 2 . An undirected gene coexpression network is then built by joining genes G 1 and G 2 if at least one probeset mapping to G 1 is linked to a probeset mapping to G 2 and vice versa.
MBE
The association between PWMs and TFs was established by taking the protein associated to the PWM in the JAS-PAR database and translating it into an Entrez Gene ID using correspondence tables downloaded from Entrez Gene. Homologene was then used to find the human orthologs of the nonhuman genes (only one-to-one orthology relationships from Homologene were considered).
Analysis of Functional Classification
Annotations to the Gene Ontology terms included in the "slim" ontology defined in Torgerson et al. (2009) were obtained from Entrez Gene. The PHS of a gene is defined as the maximum promoter specificity of its Refseq mRNAs.
Clustering of Neural Genes
The HSA profiles of the top 100 Refseq mRNAs annotated to "neurological system process," sorted by PHS, were clustered using hierarchical clustering of both rows (genes) and columns (PWMs) to produce figure 4. The enrichment of functional categories and disease associations in the gene clusters was determined by one-sided exact Fisher test, taking as background the set of all genes annotated to "neurological system process."
Analysis of Repetitive Sequences
We obtained the location of all repetitive elements in the human genome from the RepeatMasker (rmsk) tables in UCSC genome browser (version hg18, July 2010). We separately tested for association with HSA 1,372 set of locations defined by repeats with the same name (e.g., MER41D), family (e.g., ERV1), or class (e.g., LTR). For each set, we divided the human promoters into two classes: those overlapping an instance of a repeat in the set for a length of at least 10 bp and all other promoters. We then compared the promoter gain in affinity (PGA) of the promoters in the two classes using one-sided Mann-Whitney U test and applied standard Bonferroni correction for multiple testing.
Results
Total Binding Affinity
Rationale and Definition TBA was introduced in Foat et al. (2006) to describe the overall affinity of a sequence for a TF whose binding preferences are described by a PWM. Briefly (see Foat et al. 2006; Ward and Bussemaker 2008 and Methods for details), the TBA is computed by sliding a window of length equal to the length of the PWM along the sequence. At each position of the sliding window, a weight is computed representing the likelihood ratio between the PWM model and an appropriate background model, and the weights are summed over all positions of the sliding window to give the total affinity of the sequence for the TF.
TBA is ideally suited for the comparative and evolutionary genomics of regulatory regions for two main reasons: First, TBA does not involve the arbitrary cutoff score usually introduced to identify discrete binding sites. To obtain reasonable specificity, one is usually forced to set such cutoff at a value higher than the score of some of the experimentally validated functional binding sites, thus accepting a sizable loss of sensitivity, and completely disregarding low-affinity binding sites responsible for transient thermodynamic binding (Segal et al. 2008) . Second, it is known that the conservation of the binding between a TF and a regulatory region often occurs even if the binding occurs in different nonalignable sites in the two species, a phenomenon that was shown to be very common in mammalian promoters (Odom et al. 2007 ): In these cases, TBA will be conserved regardless of the conservation of the binding position.
TBA Predicts Binding
We thus decided to base our comparison of mammalian promoters on TBA. Because, however, its effectiveness as a predictor of binding had been shown, to our knowledge, only in yeast, we first checked its predictive power in mammals, using a large collection of genome-wide binding data obtained with ChIP/seq and ChIP/chip technologies.
We considered the proximal promoters of 30,520 human Refseq transcripts, taking 1,500 bp upstream and 500 bp downstream of the TSS. These sequences will be referred to as "promoters" in the following. We computed the TBA of each promoter for the 130 PWMs included in the JASPAR (Bryne et al. 2008 ) "Core Vertebrate" data set. Most of the PWMs included in this collection were derived from experimental data on mammals, and the few that were obtained from Xenopus laevis and Gallus gallus refer to TFs with clear mammalian orthologs. Therefore, all these PWMs should be relevant to transcriptional regulation in mammals. Each promoter is thus described by a vector of 130 real numbers, its TBA profile. The TBA profile is a description of a cis-acting regulatory sequence directly based on its main function, namely the binding of transacting regulatory elements.
We then obtained the genome-wide lists of sequences binding various TFs collected in the "Yale TFBS" and "GIS ChIP-PET" tracks of the UCSC Genome Browser (Rhead et al. 2010) . To these, we added the results of the ChIP/chip experiments of Boyer et al. (2005) and Odom et al. (2007) . The PWM/promoter pairs for which a binding event was reported (i.e., such that the promoter overlaps one of the sequences bound by the TF) have significantly higher TBA than the other pairs involving the same PWMs (median affinity 0.793 vs. 0.334, P < 10 −300 from one-sided MannWhitney U test).
The same test can be performed on each TF separately, comparing the affinity of bound promoters with the PWM associated to the TF. In all but one case (AP1), the difference is again statistically significant as shown in figure 1. These results confirm that in mammals TBA is a predictor of binding of TFs to cis-regulatory regions.
The sensitivity and specificity of TBA as a predictor of binding can be assessed with receiver operating characteristic (ROC) curves. The areas under the ROC curves (AUC) are reported in supplementary table 2, Supplementary Material online. In all cases, except AP1, the AUC is higher than 0.5, as expected from the results of the Mann-Whitney test; the maximum value (0.706) corresponds to FOXA2. The binding of a TF to a DNA sequence in vivo does not depend only on its affinity for the target sequence but also on several other factors that do not depend, or depend only partially, on the sequence. These include, for example, the concentration of the TF and its possible interactors, the accessibility of the DNA and various epigenetic modifications. Moreover, the experimental binding data are inherently noisy. Therefore, we do not expect any predictor based only on features of the target sequence to achieve perfect predictive power.
To estimate the maximum predictive power that could be expected from a method based only on the target sequence, one can use binding data for the same TF in different cellular contexts. Indeed, different cell types or tissues will share all the sequence-dependent determinants of binding. It follows that if the binding was determined exclusively by the target sequence, and in the absence of experimental noise, binding data in any cellular context would be a perfect predictor of binding in any other context. Therefore, an upper limit on the predictive power achievable using sequence data only can be estimated using binding data in a cellular context to predict binding in a different context. This is an upper limit, rather than an estimate, because some of the sequence-independent determinants of binding could in principle be shared by the two cellular contexts. Figure 2 shows the ROC curves obtained using TBA (Jaspar matrix MA0147.1) as a predictor of MYC binding in K562 and P493 cells, and the specificity and sensitivity obtained using one set of binding data to predict binding in the other context. The figure shows that both specificity and sensitivity of the TBA predictor are typically ∼ 0.1 smaller than the upper bound. To investigate how the predictive power of the TBA depends on the choice of the regulatory region, and in particular, on the distance from the TSS, we repeated our analysis with two additional definitions of regulatory region, namely −500 + 0 and −5,000 + 500 bps with respect to the TSS. The predictive power of TBA is confirmed in both cases, the Mann-Whitney U test giving P values not dissimilar from the ones found for the −1,500 + 500 region (supplementary tables 3 and 4, Supplementary Material online).
To investigate possible positional biases for individual TFs, we analyzed the dependence of their AUC on the choice of the region. The results are shown in supplementary figure 1, Supplementary Material online. For most TFs, we do not see any strong variation of the AUC with the region. The exceptions are MYC and FOXA2 for which the AUC shows an inverse correlation with the distance from the TSS. For MYC, this results is in agreement with the strong positional bias found in Yokoyama et al. (2009) .
TBA Predicts TF/Target Coexpression
The binding of a TF to a regulatory region does not ensure by itself that a regulatory interaction is taking place. Functional interactions can be revealed by looking at gene expression profiles. In particular, we expect, in many cases, to find a significant correlation between the expression of a TF and the expression of the genes it regulates.
We reasoned that if the TBA of a promoter for a TF is a predictor of functional regulatory interactions, then it should predict coexpression between the TF and its target genes. To test this, we used a human gene coexpression network we had previously built (Ala et al. 2008 ) based on a large collection of publicly available normal tissue expression data (Roth et al. 2006) .
From this network, we extracted the edges including one of the TFs associated to the JASPAR PWMs. To each of these edges, we associated the TBA of the corresponding TF/promoter pair. We then compared the affinity of such pairs with the affinity of TF/promoter pairs that are not coexpressed. A Mann-Whitney U test shows that the TBA of coexpressed pairs is significantly higher than the TBA of noncoexpressed pairs (median affinity 1.11 vs. 0.78, P < 1 × 10 −300 ). We conclude that TBA is a predictor of functional TF/promoter binding.
MBE
As in the case of binding, the same test can be performed on the individual TFs separately. For 52 out of 100 TFs represented in the network and associated to a PWM, the TBA of bound TF/target pairs is significantly higher than that of nonbound pairs (one-sided Mann-Whitney U test, false discovery rate (FDR) equal to 5%, see Supplementary table 5, Supplementary Material online). We do not expect a significant correlation for all TFs because the activity of many TFs is regulated posttranslationally without generating a correlation between mRNA levels of the TF and its targets.
Divergence in TBA Predicts Divergence in Expression Profiles
If TBA profiles are to be used in studying the evolution of cis-regulatory sequences, it is necessary to show that their divergence is predictive of divergence in the expression profiles of the respective genes. From the expression atlas of the Genomics Institute of the Novartis Research Foundation (GNF atlas) of gene expression in mouse and human tissues developed by Su et al. (2004) , we obtained expression data for 27 matched tissues and 3,523 human genes with unique mouse orthologs (see Methods section for details). We defined a measure of expression profile divergence as d EP = (1 − ρ S )/2, where ρ S is the Spearman correlation coefficient between the expression profiles of the two orthologous genes in human and mouse: High values of d EP characterize genes whose tissue-specific expression profiles have substantially diverged between the two species.
On the other hand, for each gene, the human-mouse divergence in TBA can be represented by the vector of differences between the rank-transformed TBAs of the human promoter and of its murine ortholog. We took the sum of the squared components of this vector to represent the global divergence of the TBA profiles between the two species. This quantity turned out to be positively (ρ S = 0.066) and significantly (P = 8.28 × 10 −5 ) correlated with the expression profile divergence defined above.
We then built a linear model in which the dependent variable is the divergence of expression profiles and the independent variables are the differences in rank-transformed TBA for the PWMs. As expected from the correlation computed above, the linear model has significant predictive power (P = 7.36 × 10 −4 ). The fraction of expression profile divergence explained by the model is R 2 = 0.053. This value is substantially higher than the results reported in studies where promoter divergence was evaluated by alignmentbased methods (Khaitovich et al. 2005; Chan et al. 2009 ). That said, the fraction of promoter divergence explained is still rather modest: This is likely due, on one hand, to the crudeness of the linear model and the small size of the promoters we analyzed; and on the other, to the evolutionary divergence of transacting factors and of nontranscriptional modes of regulation. Nevertheless, these results suggest that TBA profiles provide a description of cis-regulatory sequences that is superior to alignment-based methods for studying their evolution.
Human-Specific Affinity
Rationale and Definition TBA profiles provide us with a description of a cis-regulatory region directly related to the main function of such regions, that is, the binding of transacting factors. Therefore, TBA profiles can be used as an alignment-free tool for the comparative genomics of cis-regulatory regions. Like other alignment-free approaches to this problem (see, e.g., van Helden 2004; Elemento and Tavazoie 2005; Kantorovitz et al. 2007; Arunachalam et al. 2010) , the use of TBA correctly takes into account binding site shuffling. Unlike those approaches, TBA is based on previous knowledge of the binding preferences of transacting factors. This should result on one hand in a better signal/noise ratio because only regulatory sequences known to be functional are considered, and in some loss of relevant information on the other, as the collection of binding sites in the PWM databases is presumably far from complete.
Comparative genomics based on TBA was used by Ward and Bussemaker (2008) to predict functional TF targets by comparing the TBA of orthologous genes in closely related yeast species. Therefore, we asked whether TBA profiles could also be used to detect "nonconserved" targets that have arisen or disappeared in a single lineage and represent the evolution of cis-regulation in that specific lineage compared with sister groups. Specifically, we sought to identify those promoters/TF pairs whose TBA profile has significantly diverged in the human lineage compared with other mammals.
We considered all the Eutherians (placental mammals) whose genome is available on the UCSC genome browser (12 organisms including H. sapiens). For each human transcript we identified, when possible, the orthologous transcript in each of the other 11 mammals, and its proximal promoter defined as in the human case. The identificationof the orthologous transcript is complicated by the very different quality of transcript annotation in the various genomes. We adopted a technique based on the genome-wide alignments provided by the UCSC genome browser and explained in detail in the Methods section. Importantly, these alignments are used exclusively to locate orthologous TSSs: Once the orthologous promoter sequences have been defined, their comparison is based on affinity profiles only and does not make use of the alignment.
Given a human promoter and a PWM, the HSA of the promoter/PWM pair represents the portion of the TBA that is specific of humans compared with other mammals. It is defined as the deviation of the human TBA from the mean nonhuman TBA and is measured in units of the standard deviation of the nonhuman TBA (see Methods section). We computed the HSA for the 130 JASPAR core PWMs and the 28,235 transcripts for which we could define an orthologous promoter in at least six nonhuman species, including at least two primates. Each human promoter is thus associated with its HSA profile, a vector of 130 numbers describing the human-specific part of its binding affinities for TFs.
HSA Predicts Binding and TF/Target Coexpression
We needed to verify that HSA is able to predict binding in human cells: Although TBA predicts binding, as shown above, it is conceivable that its predictive power comes exclusively from its conserved part. Indeed, "conserved" TBA was shown (Ward and Bussemaker 2008) to be a better predictor of regulatory activity in yeast than single-species TBA.
Therefore, we repeated the analysis of ChIP data using HSA instead of TBA. The results of the Mann-Whitney U test show that HSA is indeed predictive of binding: The median HSA of bound TF/promoter pairs is 0.011 compared with −0.091 for unbound pairs (P = 2.53 × 10 −73 ). For most TFs, the results are again individually significant as shown in figure 3 . We can conclude that the human-specific part of the affinity contributes to the predictive power of TBA. Therefore, HSA profiles represent biologically relevant information on the binding of human promoters to TFs.
On the other hand, we do not expect HSA to predict binding in mouse. To verify this, we considered a collection of ChIP/seq and ChIP/chip experiments performed in mouse ES cells (Chen et al. 2008 ) and in mouse hepatocytes (Odom et al. 2007 ) and compared the HSA of bound versus not bound TF/promoter pairs, finding no significant difference (P = 0.662 from one-sided Mann-Whitney U test). Mouse TBA does instead have predictive power, as expected, on the same data set (P = 1.60 × 10 −233 ). As in the case of TBA, we checked that human specificity predicts functional binding as revealed by coexpression. Using the same procedure as in the case of total affinity, but substituting HSA for TBA, we found that coexpressed TF/target pairs show significantly higher human specificity than pairs that are not coexpressed (median 0.0200 vs. 0.00629, P = 1.81 × 10 −4 from Mann-Whitney one-sided test). Such significant difference disappears when substituting the mouse coexpression network (built by Ala et al. 2008 based on data from Su et al. 2004 ) to the human one (P = 0.22). We conclude that HSA is a predictor of humanspecific functional binding leading to coexpression.
The Overall Human Specificity of a Promoter
To determine the human genes whose promoter has diverged the most from orthologous promoters in other mammals, we sought to define an overall measure of the human specificity of a promoter, taking into account its HSA for the whole set of 130 TFs.
We defined a PHS based on rank-transformed HSA profiles as detailed in the Methods section. A high value of the PHS indicates that for many PWMs the HSA of the promoter is among the highest (in absolute value) in the human genome and thus that the affinity of the promoter for a large set of TFs has diverged in the human lineage, whereas it is conserved in other mammals. This could be due, in principle, either to positive selection or to the relaxing, in the human lineage, of purifying selection that is operating in other mammals. However, there is no way to distinguish between these two scenarios without using data on intraspecific variation.
A survey of positive selection in human promoters, based on intraspecific variation in humans, was recently published by Torgerson et al. (2009) . We reasoned that if a significant part of the PHS is due to positive selection, we should see a positive correlation between PHS and the measure of positive selection found by Torgerson et al. (2009) . Indeed, we found a small (r = 0.032) but significant (P = 0.0011) correlation with the estimate of γ given by Torgerson et al. Similarly, PHS positively correlates with the probability that a promoter is under strong positive selection (r = 0.034, P = 0.0016), but negatively with the probability of strong negative (r = −0.027, P = 0.0054), moderate negative (r = −0.033, P = 7.21 · 10 −4 ), or neutral selection (r = −0.022, P = 0.025). These results need to be interpreted with caution because the regions analyzed by Torgerson et al. (2009) do not coincide with ours and their method to compare sequences is alignment based. However, they suggest that at least some of the PHS is due to positive selection rather than to relaxed purifying selection.
Analysis of Functional Classification
We then asked whether promoters with high PHS are functionally characterized. We used the same "slim" version of the Gene Ontology used by Torgerson et al. (2009) each of its 128 annotation terms, we performed a MannWhitney U test to determine whether the promoters of the genes annotated to the term have PHS values that are significantly different from all other genes. At a 1% FDR, 24 annotation terms have significantly different PHS (tables 2 and 3). Of these, five are associated to high PHS and the remaining 19 to low PHS.
In a previous study (Donaldson and Göttgens 2006) , human-specific regulation was analyzed in terms of loss of individual binding sites in human compared with chimp and mouse. Genes involved in functional categories associated, among others, to sensory perception, neurophysiological processes, and signal transduction were found to be enriched among the genes having lost TF binding sites that are conserved between chimp and mouse. Our analysis shows that this holds true also when a much larger set of mammalian species is considered and, more importantly, when both increases and decreases in affinity are considered.
We decided to investigate in more depth the high-PHS genes annotated neurological system process. This functional category is significantly associated to high PHS also when the analysis is limited to the −500 + 0 region (P = 9.0 × 10 −3 ). When considering the larger −5, 000 + 500 region, the category "neuron development" becomes MBE associated to high PHS (P = 0.031), whereas the PHS of genes annotated to "neurological system process" is not significantly different from the PHS of all other genes.
To gain some insight on the cis-regulatory evolution of neural genes, we sorted the genes annotated to "neurological system process" by the PHS of their promoter. We then considered the top 100 genes based on their ranktransformed HSA for the 130 JASPAR core PWMs and performed a hierarchical clustering analysis independently on genes and PWMs. This analysis produces, on one hand, clusters of genes characterized by similar HSA profiles, that is, having gained/lost affinity for the same PWMs; and on the other, clusters of PWMs having gained/lost affinity for the same promoters. The results are shown in figure 4 . A larger version of the figure is provided as supplementary figure 2, Supplementary Material online.
The PWMs appear to be organized in three main clusters (marked by the green, yellow, and magenta bars on top of the figure). The green cluster is enriched in Homeodomain, Forkhead domain, and high mobility group (HMG) TFs. The yellow cluster is enriched in hormone-nuclear receptor and Ets domain family, whereas the magenta cluster is enriched in Helix-Loop-Helix (HLH) and BetaBetaAlphazincfinger (BBAzf).
Two gene clusters appear to be especially interesting. First, a cluster of 12 genes (detailed list in supplementary table 6, Supplementary Material online, marked by the red band at the top of the figure) show gain of affinity in humans for the TFs of the Homeo/Forkhead/HMG (green) cluster and loss of affinity for the HLH/BBAzf cluster (magenta). Eight of these genes (AGT, BDNF, CD24, GRM3, HTR1D, MAP1B, NCDN, and OXTR) are annotated to "synaptic transmission" (enrichment P = 0.006 compared with all genes annotated neurological system process). This cluster is also enriched in genes associated (Zhang et al. 2010 ) to bipolar disorder (AGT, BDNF, GRM3, and HTR1D: P = 0.006) and autism (BDNF, HTR1D, and OXTR: P = 0.0013).
On the contrary, a cluster of 21 genes (supplementary table 6, Supplementary Material online, marked by the blue band at the bottom of the figure) show the opposite behavior and in particular gain of affinity in humans for MYC-related TFs. This cluster includes four genes annotated "brain development" (CNTN4, CTNNA2, HTT, and SLC6A3; enrichment P = 0.013). Two of these genes (PDYN and SLC6A3; P = 0.0073) have been associated (Zhang et al. 2010 ) with opioid-related disorders and addiction to other psychoactive substances. Interestingly, it has been previously shown by Rockman et al. (2005) that the human PDYN promoter has been shaped by ancient and recent positive selection events, leading to increased inducibility in humans if compared with chimp.
Transposable Elements Have Shaped the Evolution of Human Promoters
It has been shown (Wang et al. 2007; Bourque et al. 2008; Gombart et al. 2009; Kunarso et al. 2010; Schmid and Bucher 2010) that transposable elements played a major role in the evolution of human cis-regulatory regions. This mode of promoter evolution is potentially much more effective in rapidly reshaping the regulon of a TF than the accumulation of independent point mutations. We thus asked which transposable elements, or more generally repetitive sequences, played an important role in creating new TF targets.
We defined a quantity, the PGA, summarizing the portion of the affinity for TFs that was gained in the human lineage compared with other mammals. The PGA differs form the PHS used above in that we do not take the absolute value of the HSA before rank-transforming because in this case, we are specifically interested in gain of affinity in the human lineage.
For each repeat class of the rmsk database, we divided the human promoters into two classes: those overlapping an instance of the class for a length of at least 10 bp and all other promoters. We then compared the PGA of the promoters in the two classes. A significantly higher PGA for the overlapping promoters suggests that the repeat class played a role in the expansion of the TF regulons in the human lineage.
Twenty-two repeat classes were found significantly associated to higher PGA: These are shown in supplementary table 7, Supplementary Material online and figure 5. Among the most significant classes, we found ERV1 that was implied in the creation of OCT4 (Kunarso et al. 2010 ) and TP53 (Wang et al. 2007; Bourque et al. 2008 ) binding sites, and MER41D, a member of the primate-specific MER41 class recently shown by Schmid and Bucher (2010) to contribute STAT1 binding sites in human cells.
To determine which fraction of the PGA is explained by the insertion of transposable elements, we built a linear model in which the dependent variable is the PGA of a promoter and the independent variables are the portion of the promoter covered by each of the transposable elements listed in rmsk. This model explains ∼ 9.5% of the PGA, and MBE the associated P value is strongly significant (1.0 × 10 −162 ). This result must be considered as a lower limit on the fraction of PGA explained by TEs for two reasons: First, the model assumes a linear dependence that is necessarily an approximation and second, presumably not all TEs are included in rmsk. These results confirm that the insertion of transposable elements was important in the evolution of the affinity profiles of human promoters.
Although the correlation between transposable elements and PGA is very significant, it does not per se imply that the insertion of repeats was causative of increased affinity for TFs. For example, one could hypothesize an association between high PGA and accessible chromatin configuration which in turn would favor the insertion of transposable elements. In this case, we would, however, expect a generalized association between all TEs and PGA. On the contrary, the fact that only 22 specific repeat classes out of ∼ 1, 300 that are included in rmsk show a significant correlation with PGA suggests that even if TEs were easily inserted due to chromatin accessibility in high-PGA promoters, the subsequent evolutionary process exerted a strong selection on the insertions that were preserved.
Discussion
When studying the evolution of coding DNA the degeneracy of the genetic code provides a natural way to separate nonsynonymous from synonymous variation, the former being much more likely to be of functional relevance. No such clear-cut distinction exist in cis-regulatory sequences.
In this study, we have shown that it is possible to describe and compare cis-regulatory sequences in terms of their main function, which is to bind transacting factors. The TBA profile of a cis-regulatory sequence provides such a description from which we can define a simple measure of its evolutionary divergence between species. We have shown that the total affinity of a promoter for a TF is highly predictive of binding and that its human-specific part, not shared with other mammals, retains such predictive power. Therefore, it is possible to study the evolution of cis-regulatory sequences in terms of the evolution of their affinity profiles.
We have then applied this framework to a genome-wide comparison of the proximal promoters of placental mammals, with the specific aim of identifying those promoters that have evolved HSA profiles. Such analysis confirms that the evolution of cis-regulatory sequences has indeed played an important role in the development of human-specific traits, as it has been long postulated. This is true in particular for neural processes, as the genes involved in them show affinity profiles with a significantly high degree of human specificity. Specific patterns of cis-regulatory evolution can be associated to biological processes such as synaptic transmission and brain development on one hand, and psychiatric disorders such as depression, autism, and addiction on the other.
It is natural to ask what are the main mechanisms driving the evolution of cis-regulatory sequences: We have found a highly significant correlation between human specificity of affinity profiles and evidence of insertion of transposable elements. These findings suggest that repetitive elements have played an important role in shaping the human transcriptional regulatory network, as previously suggested by various groups for several specific TFs.
Our analysis was limited to relatively short regions around annotated TSSs: This choice is dictated by the need to enhance the signal/noise ratio because most TF binding sites cluster within hundreds of bases from the TSS. However, we are missing more distal regulatory modules that are known to be crucial in the tissue-specific gene regulation during development. Analyzing these modules with an approach similar to the one presented here will require reliable methods to identify them in multiple organisms.
Another limitation of our approach is due to the origin of the available databases of PWMs. All such databases, and in particular JASPAR Core that we use, are biased in several ways, for example, toward TFS that are better studied or easier to recognize. Such bias is likely to affect both the set of TFs represented in the database and the quality of the PWMs. This must be taken into account when discussing results involving the whole set of TFs, such as the PHS and PGA we defined. Similar biases are likely to affect all current databases of PWMs and to remain in future ones, until all human TFs are catalogued and their binding affinities determined.
Finally, our analysis neglects many aspects of regulation that are known to play an important role in shaping the mammalian transcriptome, such as cooperative effects and posttranscriptional regulation. Although it is encouraging to find significant results in spite of the drastic simplification we introduced, the extension of the work in the directions outlined above would be highly desirable.
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